Glucose is an ideal fuel for fuel cells because it is abundant in nature, renewable, non-toxic and easy to produce. Glucose fuel cells using enzymes and microbes as the catalysts are limited by their very poor performance and rather short durability. In this work, a direct oxidation glucose fuel cell using an anionexchange membrane and three-dimensional structural Au/Ni foam electrodes is developed. The effects of the concentration of glucose and KOH and operation temperature on the fuel cell performance are investigated. The results show that this type of direct oxidation glucose fuel cell with a relatively cheap membrane and non-platinum catalysts can produce a maximum power density of 26.6 mW cm À2 at a current density of 89 mA cm À2 with 0.5 M glucose and 6 M KOH at a temperature of 70 C, which is favorable for large-scale use. The high performance of the fuel cell is attributed mainly to the increased kinetics of both the glucose oxidation reaction and oxygen reduction reaction, rendered by a better electrocatalytic activity of the Au/Ni foam and higher operating temperature.
Introduction
With the rapid growth of the global economy and population, the demand for energy is increasing. However, conventional fossil fuels, such as oil and coal, are non-renewable energy sources. In order to reduce the reliance on fossil fuels, the use of biomass as an energy source is becoming a viable way. As one of the most abundant sugars in nature, glucose can be obtained from a lot of residual biomass that is produced by agricultural activities and from special energy crops. 1, 2 At present, traditional methods for obtaining energy from glucose involve producing ethanol and converting into hydrogen, but these methods are hampered by economic and technical issues. 3, 4 Another approach to obtaining energy from glucose is to feed it into a fuel cell to yield electricity. By this way, the chemical energy of glucose can be directly changed to electrical energy with less energy loss.
Lots of work on glucose as a fuel for direct oxidation fuel cell, including enzymatic and microbial fuel cells (MFC), has been done over the past decades. [4] [5] [6] [7] [8] [9] [10] As an important application of a biofuel cell, direct oxidation glucose fuel cell has been explored to supply the necessary energy for implanted medical devices. 11, 12 For this type of enzymatic glucose fuel cells, the most critical issue is its very poor performance. Furthermore, it is difficult to keep the activity of enzyme and the stability of power output because enzymes are proteins that typically have a limited lifetime, even in a buffer solution. 4, 6 In MFCs, the chemical energy of glucose is converted to electrical energy by the catalytic reaction of microorganisms. MFCs have relatively long-term lifetimes and complete oxidation of glucose. 6 However, the performance of microbial fuel cells is also very poor because there is the most key hurdle that it is very difficult for electron to transfer from the microbe to the electrode. The power density is only about 0.43 mW cm À2 at the voltage of about 0.66 V. 13 Because of the above-described problems of enzymatic and microbial fuel cells, direct oxidation glucose fuel cells that use metal catalysts and alkaline medium have been explored. [14] [15] [16] Using a noble metal catalyst such as platinum (Pt) and alkaline solution instead of the enzymes and microbes, some recent reports revealed the possibility to improve the performance of the glucose fuel cell. 3, 14 Beneting from their biocompatibility and long-term stability, these noble metals are suitable catalysts for the glucose fuel cell. As reported, a maximum power density of 3.0 mW cm À2 and an open-circuit voltage (OCV) of 1.08 V can be obtained at room temperature for alkaline glucose fuel cell with the glucose concentration of 1.85 M and the KOH concentration of 7.0 M when using PtCo and Pt as the anode and cathode catalysts. 14 For a direct oxidation glucose fuel cell, the membrane separating the cathode and the anode can be either proton exchange membranes (PEM, typically Naon) or anion exchange membranes (AEM). 3, [15] [16] [17] [18] Some reports showed the performance of the glucose fuel cell can be remarkably improved when an acidic electrolyte is changed into an alkaline, i.e., an anion-exchange membrane. 3, 16 Fujiwara et al. compared the cell performance between an AEM-glucose fuel cell and a PEM-glucose fuel cell using the Pt black and PtRu black as the cathode and anode catalysts. The performance of the glucose fuel cell signicantly improved from 1.5 to 20 mW cm À2 when an AEM replaced a PEM. 3 The improvement of the cell performance is benecial from the enhanced kinetics of the glucose oxidation reaction (GOR) and oxygen reduction reaction (ORR) in an alkaline media compared with those in an acidic media. 19 However, the high cost and low catalytic stability caused by catalyst poisoning are critical obstacles for large-scale use of glucose fuel cell using the noble Pt as catalysts. Therefore, non-Pt metals with long lifetime and operational stability, including Au, Ag, Ni, Pd and manganese oxide were considered as catalysts in direct oxidation glucose fuel cells. [19] [20] [21] [22] [23] [24] [25] [26] [27] Au is a primary candidate as catalysts in alkaline glucose fuel cells, due to its high electrocatalytic activity for glucose oxidation and oxygen reduction without observable self-poisoning. Compared to the other metals, the oxidation potential of Au in neutral and alkaline medium is more negative and therefore Au as catalysts for the oxidation of glucose has been extensively examined. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] Based on the observed phenomena that a gold oxide layer formed on the surface of a gold electrode could have a great catalytic effect on the oxidation of glucose, Nikolaeva et al. proposed a mechanism for glucose electrooxidation at high potentials. 39 Cui et al. investigated the complex oxidation of glucose at the surface of gold electrodes in different conditions of pH, buffer and halide concentration. 40 Liu et al. investigate the performance of the gold electrode for glucose oxidation in the presence of glucose at different concentrations by cyclic-voltammetric techniques. 41 They found that a positive current peak due to the presence of glucose occurred during the cathodic sweep. The current values had a highly linear dependence on the concentration of glucose in several regions, depending on the medium composition. The above investigations indicated that it is feasible for using Au as catalysts in alkaline medium for a direct oxidation glucose fuel cell. As far as we know, there are few studies on a direct glucose fuel cell that uses an anion-exchange membrane and Au catalytic electrodes at the anode and cathode. [42] [43] [44] In this study, to develop a novel electrode with good catalytic and mass transport properties for a direct oxidation glucose fuel cell, nickel foam was chosen as a substrate material of the electrode, and Au was used as an active catalytic component. Because of its three dimensional (3D) network structure with high porosity, nickel foam has better transport and diffusion of reactants (such as glucose) to the electro-catalyst surfaces. Au/Ni foam electrodes with good catalytic performance and transport properties were prepared by a spontaneous deposition of Au particles onto nickel foam surface, and the performance of an alkaline glucose fuel cell using such an Au/Ni-foam electrode as both the anode and the cathode was investigated.
Experimental

Preparation of Au/Ni-foam electrode
Au/Ni-foam composite electrodes were prepared by a simple spontaneous deposition of Au particles onto the surface of nickel foam. 45 In order to clean and activate the surface, Ni foams (110 ppi, 320 g m À2 and 95% porosity, 0.5 mm in thickness, Changsha Lyrun New Material Co. Ltd., China) were pretreated with acetone, 6.0 M HCl, and deionized water for 15 min step by step prior to use. The Au particles were deposited on the surface of Ni foam by dipping the pretreated Ni foam substrate into an aqueous solution of AuCl 3 (Alfa Aesar, Premion®, 99.99%) with the concentration of 4 mM for 60 s at room temperature. Hereaer, the electrode was remove from the solution, and rinsed with deionized water thoroughly. The resulting electrodes were stored in 2 M KOH till use. All solutions were made with analytical grade chemical reagents and deionized water. The morphology of the Au/Ni-foam electrode was characterized using a scanning electron microscopy (SEM, JEOL JSM-5900LV) under an accelerating voltage of 20 kV.
Pretreatment of anion exchange membrane
Anion exchange membranes (Fumasep™ FAB) were purchased from Fuma-Tech, Germany. AEMs were pretreated using acetone, deionized water and 3 wt% KCl solution for 30 min step by step. Then the pretreated membranes were kept in 3 wt% KCl solution till use.
Glucose fuel cell set-up and instrumentation
A schematic image of AEM-glucose fuel cell is shown in Fig. 1 . Au/Ni-foams with a geometrical area of 4 cm 2 were used as the anode and the cathode of the glucose fuel cell. The sandwich structure of anode/membrane/cathode was compressed between two graphite block current collectors with a serpentine ow eld. Both ow-elds were made from the stainless-steel plate, in which a single serpentine ow channel, 2.0 mm wide and 1 mm deep. The electrolyte including glucose and KOH was fed into the anode at various ow rate controlled by a peristaltic pump, while pure oxygen was fed to the cathode at a ow rate of 500 standard cubic centimeter per minute (sccm) measured by a mass ow controller (Omega FMA-7105E). In addition, the operating temperature was controlled by two electrical heating rods installed in the cell xtures and measured with a thermocouple located at the anode current collector.
Polarization curve measurement
The cell polarization curves were measured using a CHI 650E electrochemical analyzer (Shanghai Chenhua Instrument Inc., 
Results and discussion
The morphology of Au/Ni-foam electrode
The SEM images of the nickel foam and Au/Ni-foam electrode are shown in Fig. 2 . It can seen from Fig. 2(a) and (b) that a three dimensional microporous and cross-linked skeleton structure with a smooth surface is observed in the SEM images of the Ni foam used in this work. Fig. 2 (c) and (d) display the SEM images of deposited Au particles onto the Ni foam. It can be seen that Au grains with a size range of 3-10 mm densely covered the Ni foam surface. Comparing with the conventional electrodes generally used in fuel cells, the Au/Ni-foam electrode with such 3D micropore integrated structures should have better mass transport property and enhancing electrochemical reaction rates due to short mass transfer lengths allowing liquid and gas species reacting efficiently at the electrode/electrolyte interface.
Performance of alkaline glucose fuel cell with Au/Nifoam electrodes
In this study, the prepared Au/Ni-foams are used as the catalytic electrodes at the anode and cathode. Liu et al. 41 had investigated the performance of the gold electrode in the presence of glucose at different concentrations by cyclic-voltammetric techniques. Based on the cyclic voltammetric results, they proposed the following electrocatalytic oxidation mechanism of glucose in KOH solution at the gold electrode surface. This reaction can be described as eqn (3) by rapid electrochemical regeneration of the oxide of gold surface.
N. Fujiwara et al. 3 proposed the anodic reaction of AEM glucose fuel cell using Pt catalysts, as described by eqn (4). 
Therefore, it is obvious that the reaction mechanism is the same for both Pt and Au catalyst. Therefore, the anodic, cathodic and total reactions for an alkaline glucose fuel cell using such an Au/Ni-foam electrode can be described as following:
Anode:
Cathode:
Overall: Fig. 3 shows the polarization and power density curves of alkaline direct oxidation glucose fuel cells with Au/Ni-foams electrode as both the anode and the cathode. It can be seen from Fig. 3 that no retrogradation is found, indicating that Au/ Ni foams have no catalyst poisoning effect as observed in Ptbased glucose fuel cells. When the experiment was performed at 70 C, a peak power density of 26.6 mW cm À2 is achieved at a current density of 89 mA cm À2 , with 0.5 M glucose solution mixed with 6.0 M KOH pumped into the anode at a ow rate of 10 mL min À1 and with dry pure oxygen fed to the cathode at a ow rate of 500 sccm. It was reported 3 that a maximum power density of 20 mW cm À2 could be reached for an AEM-glucose fuel cell which consisted of PtRu/C and Pt/C as the anode and cathode catalysts. The higher performance of glucose fuel cell in this study may be attributed to the better mass transport property and the superior electrocatalytic activity of Au/Ni foam electrodes for the glucose oxidation reaction (GOR) and the oxygen reduction reaction (ORR) in the alkaline medium.
Effect of glucose concentration on the performance of AEM-glucose fuel cell
The effect of different glucose concentrations on the cell performance with at a KOH concentration of 0.5 M is shown in Fig. 4 . With increasing glucose concentration from 0.2 to 0.5 M, the performance of the AEM-glucose fuel cell enhances, and the limiting current density of the cell is improved from 95 to 165 mA cm À2 . The cell performance dropped with further increasing in glucose concentration. Hence, a maximum power density of 17.1 mW cm À2 is obtained with an optimum glucose concentration of 0.5 M, as shown in Fig. 4 . The reason for these phenomena is as follows. The potential of the anode depends on the local concentrations of both glucose and hydroxyl ions in the anode catalyst layer for a given anode catalyst. A change in either one of these concentrations causes to a change in the other. Increasing the glucose concentration from 0.1 to 0.5 M results in an increasing glucose concentration and a reduction concentration of the hydroxyl ions at the anode catalyst layer. In order to ensure the better progress of GOR, however, the concentration of hydroxyl ions must still be kept at an appropriate level. Therefore, the increase in the glucose concentration leads to the enhanced kinetics of GOR, which reduces the activation loss of the anode, and the cell voltages are improved, as conrmed by open circuit voltage (OCV) in Fig. 5 . In addition, the mass transport polarization can be also decreased with the increase in the glucose concentration, which further improves the performance of the glucose fuel cell. It should be noteworthy that the increase in the glucose concentration will raise the internal cell resistance because of the increased mass transport resistance of hydroxyl ions, which leads to an increase of the ohmic loss. The improvement of the activation and mass transport properties in the anode due to the increased glucose concentration, however, not only recompense the increased ohmic loss but also enhance the performance of the glucose fuel cell. Therefore, the performance of the AEM-glucose fuel cell improves when increasing the glucose concentration from 0.2 to 0.5 M. When further adding the glucose concentration to 0.8 M, however, the cell performance is decreased. This is mainly because the glucose concentration will be much higher at the active surfaces of the catalytic electrodes corresponding to the relatively low concentration of hydroxyl ions caused by 1.0 M KOH, which leading to the less adsorption of hydroxyl ions on the active site. Hence the electrochemical kinetics is decreased and the OCV of the fuel cell is lowered, as shown in Fig. 5 , and the cell performance is reduced. 46 On the other hand, a barrier created by the high concentration of the glucose solution may hinder the transfer of hydroxyl ions and therefore give rise to an increase in internal cell resistance (shown in Fig. 5 ), leading to a decline of the cell performance. Therefore, the cell performance declines with further increasing the glucose concentration from 0.5 to 0.8 M, due to the reduced electrochemical kinetics and the large ohmic loss.
3.4 Effect of KOH concentration on the performance of AEM-glucose fuel cell Fig. 6 presents the curves of the fuel cell voltage and power density against the current density measured at various KOH concentration and a given glucose concentration of 0.5 M. With increasing the current density, the cell voltage decreases quickly and linearly, indicating that the reduced performance of the glucose fuel cell results mainly from the electrochemical polarization in the low current density region (below 30 mA cm À2 ). The concentration polarization caused by mass transport is not observed even at current densities higher than around 160 mA cm À2 , which indicating that the electrodes have superior mass transport property, avoiding the occurrence of the concentration polarization.
In the low and moderate current density region (below 120 mA cm À2 ), it can be found that the cell voltage increases with increasing KOH concentration. This is mainly attributed to the enhanced GOR kinetic caused by a higher KOH concentration, which resulting in the increase in the OCV of the fuel cell, as shown in Fig. 7 . At the same time, with increasing KOH concentration, the internal cell resistance is raised from 712 to 854 mohm because the higher KOH concentration in the anode catalyst layer increase the mass transport resistance of hydroxyl ions from the cathode to anode, which resulting in the larger ohmic loss. However, the decrease of the cell voltage is predominated by the activation polarization at low current densities. Therefore, it can be found in Fig. 6 that the cell voltage monotonously improves with increasing KOH concentration due to the enhanced electrochemical kinetics.
Generally, the alkaline medium at the anode signicantly inuences not only the electrochemical kinetics, but also the move of the hydroxyl ion to the anode. 46, 47 The internal resistance of the glucose fuel cell increases with an increase in the KOH concentration, as presented in Fig. 7 . In the AEM-glucose, the hydroxyl ions transfer from the cathode to the anode. A higher concentration of the hydroxyl ion in the anode catalyst layer caused by the increasing of KOH concentration at the anode hinders to transfer the hydroxyl ion from the cathode to the anode, which causing the larger transport resistance. The enhanced electrochemical kinetics of GOR due to the high KOH concentration, however, not only recompenses the increased ohmic loss, but also raises the cell performance in this current density range. Therefore, in low and moderate current density region the cell performance of this AEM-glucose fuel cell is improved with increasing KOH concentration from 0.5 to 4.0 M.
However, the cell performance is not further improved when further adding the KOH concentration from 4.0 to 6.0 M. This is mainly because that too high KOH concentration results in an excess cover of hydroxyl ions in the anode catalyst layer, which reducing the amount of sites in the catalyst layer available for glucose adsorption, 48 thereby causing the decline of the cell performance. At the same time, the increase in the KOH concentration improves the internal cell resistance, as shown in Fig. 7 , resulting in a greater ohmic loss and thus a poor performance of the glucose fuel cell.
In summary, the KOH concentrations remarkably affect the performance of the AEM-glucose fuel cell dependent on the current density. Because of the enhanced kinetics of the GOR with higher KOH concentration at low and moderate current densities, the cell performance is dominated by the increasing KOH concentration. In high current density regions, however, the high KOH concentrations in the anode deteriorate the cell performance. For a given current density region, too high a KOH concentration hinders the transport of hydroxyl ions from the cathode to the anode, which resulting in a larger ohmic loss and thus a poor cell performance; too low a KOH concentration decreases the GOR kinetics, which causing high activation polarization and thus poor cell performance. Fig. 8 shows the inuence of the operation temperatures on the fuel cell performance. As expected, the fuel cell performance improves with the increase of the operation temperature. When the operation temperature is increased from 23 to 70 C, the limiting current density improves from 82 to 165 mA cm À2 . The enhanced performance of the glucose fuel cell with increasing operation temperature is attributed mainly to faster electrochemical kinetics, enhanced mass transfer and increased conductivity of the hydroxyl ions. 16 The kinetics of both the GOR and ORR in the glucose fuel cell can be enhanced by an increase in the operation temperature. The improvement of hydroxyl ion conductivity will decrease the ohmic polarization of the cell. Additionally, an increase in the operating temperature will improve the glucose and oxygen diffusivities in the catalyst layers, which causing the low mass transport polarization. Therefore, the operation temperature plays an important role on the cell performance.
Effect of operating temperature on the cell performance
Conclusions
Au/Ni-foam electrodes with three dimensional network structure were successfully prepared by simple spontaneous deposition of Au particles on nickel foam substrates. An alkaline glucose fuel cell with an anion-exchange membrane and Au/Nifoam electrodes has been developed. The results also indicate that the performance of the glucose fuel cell is inuenced signicantly by operating parameters such as glucose concentration, KOH concentration and operating temperature. This type of direct oxidation glucose fuel cell with a relatively cheap membrane and non-platinum catalysts can produce a maximum power density of 26.6 mW cm À2 at a current density of 89 mA cm À2 on 0.5 M glucose and 6 M KOH at the temperature of 70 C, which is favorable for large-scale use. The excellent performance of the glucose fuel cell is attributed mainly to the enhanced kinetics of both GOR and ORR, induced by a better electrocatalytic activity and mass transport property of Au/Ni foams and higher operating temperature.
